Objective: Circadian mechanisms underlie the physiology of mammals as an adaptation to the earth's rotation on its axis. Highly conserved core circadian regulatory proteins (CCRPs) maintain an oscillatory expression profile in the central and peripheral tissues. The CCRP include both a positive and negative arm, as well as downstream transcriptional regulators. Recent studies in murine models have determined that the mRNAs encoding the CCRP are present in multiple adipose tissue depots and exhibit a robust oscillatory expression profile. This study set out to examine the expression of CCRP mRNAs in human subcutaneous adipose tissues. Design: Retrospective analysis of total RNA isolated from subcutaneous adipose tissue. Subjects: A total of 150 healthy female and male lean (body mass index (BMI) o25), overweight (BMI between 25 and 29.99) or obese (BMI 430) subjects of varied ethnic backgrounds undergoing elective liposuction or surgical procedures. Results: The expression of the CCRP mRNAs displayed a significant correlation between each other and mRNAs representative of adipogenic biomarkers. Hierarchical cluster analyses of mRNAs isolated from the cohort of female Caucasian subjects (n ¼ 116) identified three major clusters based on expression of downstream CCRP mRNAs. The mRNAs encoding D site of albumin promoter-binding protein (DBP), E4 promoter-binding protein 4 (E4BP4), PPARg coactivator-1b (PGC-1b) and Rev-erba were negatively correlated with BMI in a lean cluster (n ¼ 66), positively correlated with BMI in a younger overweight/obese cluster (n ¼ 19), and not significantly correlated with BMI in an older, overweight/obese cluster (n ¼ 31). Conclusions: These data confirm and extend findings that link the CCRP and circadian mechanisms to the risk of obesity.
Introduction
The earth's rotation around the sun has impacted physiology in all organisms. As a consequence, a highly conserved set of genes encoding core circadian regulatory proteins (CCRPs) has evolved. 1, 2 Two of these proteins, brain muscle Arntlike-1 (Bmal1) and circadian locomotor output cycles kaput (Clock) or its homolog, neural PAS domain protein 2 (Npas2), serve as the positive arm of the circadian pathway. 1, 2 They heterodimerize and bind to conserved E-box cis elements in the promoters of downstream targets. 1, 2 Among their many actions, Bmal1-Clock or Bmal1-Npas2 heterodimers activate the transcription of their own negative regulators, cryptochrome (Cry) and period (Per), which heterodimerize and repress transcription of Bmal1 through a feedback mechanism. 1, 2 This results in an oscillatory antiphase expression profile between the positive and negative arms of the pathway that repeats in every 24-h cycle. 1, 2 Additional downstream genes regulated by Bmal1-Clock include the transcription factors D site of albumin promoterbinding protein (DBP), E4 promoter-binding protein 4 (E4BP4) and the nuclear hormone receptor family members Rev-erba and b and retinoid-like orphan receptor (ROR) a and g. 1, 2 For the purposes of this paper, the following genes are encompassed by the term 'CCRP': (1) the positive arm genes encoding Bmal1, Clock and Npas2; (2) the negative arm genes encoding Cry and Per isoforms; and (3) the downstream targets DBP, E4BP4, Rev-erb and ROR isoforms. Furthermore, the genes encoding glycogen synthase kinase-3b, responsible for the phosphorylation and proteasomal targeting of Per, and PPARg2 coactivator-1 (PGC1), which has been found to modulate circadian rhythms, 3, 4 are included under the term 'CCRP. ' The CCRPs have been linked to obesity, metabolism and sleep disorders. Murine models homozygous for a mutated version of Clock displayed hyperphagia, hypertriglyceridemia, glucose intolerance and a propensity toward obesity and the metabolic syndrome. 5 Exposure to high-fat diets has been observed to attenuate, phase advance, and/or disrupt the circadian rhythm in rodent models. [7] [8] Both Bmal1 and Clock have been linked functionally to glucose metabolism in murine models. 9 Recent genotyping studies have identified Clock gene polymorphisms that are associated with an increased risk of obesity and metabolic syndrome in human population studies. [10] [11] [12] [13] Furthermore, murine strains with the Clock mutation or deficient in Bmal1, DBP, Npas2 or Per2 display abnormal sleep-wake cycles when deprived of photic stimuli as an entrainer. [14] [15] [16] [17] [18] [19] Consistent with this, polymorphisms in the human Clock and Per3 gene are associated with sleep-wake preferences or disturbances. [20] [21] [22] [23] The importance of the CCRP genes in regulating sleep is of particular relevance. Pioneering clinical and epidemiological research by Van Cauter and others has shown a direct association between human sleep patterns, glucose metabolism, and risk of obesity. [24] [25] [26] [27] [28] [29] [30] Reduced length of sleep has been correlated with increased incidence of obesity at various points in human development. [31] [32] [33] [34] [35] Although the CCRP genes play a critical role within the body's master circadian Clock located within the suprachiasmatic nucleus of the brain, 1 the genes have been detected in multiple peripheral tissues. 36, 37 Their expression profile displays some degree of autonomy as circadian oscillations persist for several days in organs isolated from Per2 promoter/ luciferase reporter transgenic mice in the absence of systemic synchronizing stimuli. 37 The mRNAs encoding the CCRP have been found in multiple murine adipose depots and display a robust circadian oscillation in vivo. [38] [39] [40] Similarly, Bmal1, Cry1 and Per2 have been detected in both subcutaneous and visceral adipose tissue obtained from eight morbidly obese human males. 41 In subcutaneous adipose tissue, these CCRP genes correlated with each other as well as parameters associated with the metabolic syndrome. 41 Furthermore, in vitro studies have shown that mRNAs encoding CCRPs 42 and glucocorticoid-metabolic enzymes 43 can display an oscillatory expression profile in primary adipose-derived stem cell cultures and tissue explants, respectively. Based on these findings, this study set out to examine the expression of a panel of CCRP mRNAs in subcutaneous adipose tissue obtained from healthy human subjects undergoing elective surgeries. The expression level of individual CCRP mRNAs has been analyzed relative to each other and to adipocyte-associated biomarkers and evaluated in the context of donor age and body mass index (BMI).
Materials and methods

Human subjects
All procedures and collections were performed under a research protocol reviewed and approved by the Pennington Biomedical Research Center Institutional Review Board in accordance with the Helsinki Principles and Health Insurance Portability and Accountability Act (HIPAA) requirements. All research subjects provided their informed written consent before their surgery allowing the use of their tissue specimens for research purposes. Subcutaneous adipose tissue samples were obtained from otherwise healthy patients undergoing elective tumescent liposuction or bariatric surgery under the care of collaborating surgeons (see Acknowledgements). All subjects (n ¼ 150) were healthy without a history of metabolic disease and displayed the following demographics: (1) mean age of 41.7±10.6 years; (2) mean BMI of 27.0±4.9; and (3) ethnicity 81% Caucasian, 11% African American, 3% Asian, 3% Hispanic, 2% not recorded; female 93%, male 7%. The majority of specimens contained subcutaneous adipose tissue from one or more of the following locations: abdomen (54%), flank (36%), lower extremity (29%), hip (15%), upper extremity (9%), breast/chest (5%) and gluteus (1%). Samples were harvested between the hours of 0800 hours and 1400 hours, transferred to the research laboratory, and frozen at À80 1C until processed for RNA recovery.
Quantitative real-time PCR
Total RNA was purified from human lipoaspirate tissues obtained from 151 subjects using TriReagent (Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer's specifications. Approximately 2 mg of total RNA was reverse transcribed using Moloney Murine Leukemia Virus Reverse Transcriptase (MMLV-RT; Promega, Madison, WI, USA) with oligo-dT at 42 1C for 1h in a 20ml reaction. Primers for genes of interest were identified using Primer Express software (Applied Biosystems, Foster City, CA, USA) as described earlier. 42, 44 A complete list of primers used in these studies is listed in Supplementary 
Cluster analysis
Without any assumption regarding the distributions of the raw data, we used the hierarchical clustering method to Expression of human adipose CCRP mRNAs correlates with age and BMI X Wu et al segment the study population into N clusters on the basis of the samples' age and BMI data. 45 A total of four of 151 samples are automatically excluded from the procedure because of the missing data. The R 2 value of each cluster is used as index to determine the number of clusters N. Within each cluster, we conducted the Spearman's rank correlation analysis to measure the relationship among the circadian genes. All analysis is performed in SAS v9.1 or JMP (SAS, Cary, NC, USA). All values are expressed as the mean ± s.d.
Results
CCRP mRNA expression and correlation with adipocyte biomarkers Subcutaneous adipose tissue was obtained from subjects undergoing elective surgery. Total mRNA was extracted from 151 male and female donors with a mean age of 41.7±10.6 years (range: 18-72) and a mean BMI of 27.0 ± 4.9 (range: 18.7-47.4) ( Figure 1 ). The CCRP genes Bmal1, Clock, Cry1, DBP, E4BP4, Npas2, Rev-erba and Rev-erbb were detected in adipose tissue. In the total population, the Cry1, DBP, Rev-erba, Rev-erbb and RORa mRNAs displayed a highly significant positive correlation with each other, whereas Npas2 correlated negatively with all genes except Bmal1, E4BP4 and RORa, where no significant correlation was observed ( Figure 2) . In contrast, the mRNAs encoding Clock, E4BP4 and RORa displayed a less significant correlation with each other and the related CCRP genes. With the exception of RORa, Bmal1 failed to display a significant correlation with any other CCRP mRNA. The correlation among the CCRP mRNAs in the subset of female Caucasian donors (n ¼ 116) displayed a nearly identical pattern (Figure 3 ). In both groups, the majority of CCRP mRNAs positively correlated with all adipocyte biomarkers (aP2, C/EBPa, LPL, PPARg2 and PGC1b) with the exception of PGC1a, in which a negative correlation was observed.
CCRP mRNA correlation with age and BMI
The individual CCRP and adipocyte biomarker mRNAs were correlated relative to each other in sectors of the total population subdivided based on BMI (Supplementary Table 2 ). Similar but not identical correlations among the CCRP and adipocyte mRNAs were observed in lean subjects (n ¼ 56, BMI o25), overweight (n ¼ 59, 25oBMI o30) and obese (n ¼ 32, BMI 430). To determine whether a correlation exists between gene expression relative to age and BMI, the subset of Caucasian female donors (n ¼ 116) were subjected to hierarchical cluster analysis ( Supplementary Table 1 Expression of human adipose CCRP mRNAs correlates with age and BMI X Wu et al clusters were identified. Cluster 1 included 31 older (55.7 years) overweight/obese (BMI 29.1) individuals, cluster 2 included 66 younger (40 years) lean (24.1 BMI) individuals and cluster 3 included 19 younger (30.5 years) overweight/ obese (29.9 BMI). Although age displayed a significant negative correlation with BMI in the older, overweight/ obese subjects (cluster 1), no significant correlation was noted for CCRP or adipocyte biomarker mRNAs relative to BMI. In contrast, age displayed a significant positive correlation with BMI in the leaner individuals (cluster 2) and a trend, but not significance, toward this pattern in the younger, overweight/obese individuals (cluster 3). A subset of CCRP genes (DBP, PGC1b and Rev-erba) and adipocyte biomarker (PPARg2) displayed a significant (P o0.05) or near significant (P o0.1) negative correlation with BMI in the lean cluster 2 (Table 1 ). Furthermore, in cluster 2, a near significant positive (0.416, P ¼ 0.0965) and negative (À0.434, P ¼ 0.0718) correlation was observed for DBP and Npas2, respectively, relative to age. In contrast, the CCRP (DBP, E4BP4, PGC1b and Rev-erba) mRNAs displayed a significant or near significant positive correlation with BMI in the younger, overweight/obese cluster 3.
Discussion
There has been a growing appreciation in the literature of the role circadian mechanisms play in adipose tissue biology, metabolism and obesity. 40, [46] [47] [48] This study documents the Supplementary Table 1 . Expression of human adipose CCRP mRNAs correlates with age and BMI X Wu et al expression of multiple CCRP mRNAs in human subcutaneous adipose tissue. The results confirm findings in rodent models, [38] [39] [40] and confirm and extend the existing literature relating to CCRP gene expression in human adipose tissues. 41 It is of note that mRNA expression profiles of Bmal1 and Npas2 display either an absent or negative correlation with the other CCRP mRNAs. This may be explained by the fact that both Bmal1 and Npas2, as components of the CCRP-positive arm, are predicted to be out of phase with Cry, Per and elements of the negative CCRP arm. The expression of the downstream components of the CCRP (DBP, E4BP4, Rev-erb and ROR) in positive correlation with Cry1 may reflect some degree of temporal synchrony in their profiles. This is consistent with observations in murine adipose depots, where the acrophase of Bmal1 and Npas2 were out of phase with Cry, Per, DBP and Rev-erb mRNAs. 39 As this study was performed with human adipose tissue obtained from individual donors at only one time point, the conclusions supported by these data are limited relative to in vivo murine studies. 39 Further studies involving serial adipose tissue biopsies from a single donor will be necessary to define the relative expression profiles of the human CCRP mRNAs. Likewise, it remains to be determined whether the human adipose tissue depot site (subcutaneous vs visceral) significantly modulates the CCRP mRNA temporal expression profiles as earlier studies have suggested. 41 These results indicate that the expression of a subset of CCRP genes is directly correlated to both subject age and BMI. The CCRP mRNA subset positively correlated with BMI in young, overweight/obese subjects (cluster 3). This association was absent in an older cluster of nearly identical BMI (cluster 3). This suggests that advancing age may attenuate or inhibit circadian mechanisms in adipose depots. In contrast, this subset of CCRP mRNAs negatively correlated with BMI in relatively young, lean subjects (cluster 2). This non-linear correlation of CCRP mRNA expression levels with BMI in the younger individuals remains puzzling. It is well known that increased BMI alters the cellular composition of adipose tissue, reducing the frequency of adipose stem cells or pre-adipocytes, although increasing the numbers of macrophages and large volume adipocytes. It is feasible that altered numbers of distinct cell lineages in the adipose tissue itself contributed to the current findings; however, this remains speculative and the subject merits further investigation.
This subset of CCRP genes (DBP, E4BP4 and Rev-erba) are downstream of both the positive and negative arms of the core circadian oscillator, where they act as transcriptional regulators, often with a repressor function. The E4BP4 factor, also known as nuclear factor IL-3 (NFIL-3), has been associated with the regulation of osteoblast differentiation. 49, 50 This has potential implications in light of the multi-lineage differentiation potential of adipose-derived stem cells and the inverse relationship between the adipocyte and osteoblast pathways. 51 The regulation of Rev-erb proteins has been linked to diabetes, metabolic syndrome and obesity. 47, 48 Recently, the Rev-erba ligand has been identified as the iron-containing heme moiety, [52] [53] [54] [55] which has long been known to enhance adipocyte differentiation in vitro. 56 Although PGC-1 was first described in the context of PPARg function in adipose tissue and muscle, 57 it has been identified additionally as a component of the circadian mechanism. Mice deficient in either PGC-1a or PGC-1b both display abnormalities in their circadian metabolic activities. 3, 4 The significant correlation of these four CCRP transcripts with age and/or BMI in human subcutaneous adipose tissue merits further investigation.
In summary, human subcutaneous adipose tissue contained detectable levels of a subset of CCRP mRNAs. At least four of the downstream CCRP mRNAs were expressed as a function of subject age and BMI. Although these CCRP mRNAs exhibited a negative correlation with BMI in lean, younger subjects, the correlation was positive in obese, younger subjects; however, in older, obese subjects, any significant correlation between CCRP mRNA levels and age was absent.
